Objectives: Both apolipoprotein E (ApoE) e-4 allele(s) and elevated trait neuroticism, the tendency to experience distress, are associated with cognitive function among older adults. We predicted that neuroticism moderates the association between ApoE and cognitive function and also explored whether other personality dimensions (openness to experience, agreeableness, extraversion, and conscientiousness) affect the association between ApoE status and cognitive function. Method: Five-hundred and ninety-seven older adults (mean age of 78 years) enrolled in the Ginkgo Evaluation of Memory study completed the NEO five-factor inventory of personality. Cognitive function was assessed via the cognitive portion of the Alzheimer's Disease Assessment Scale, and a blood sample for ApoE genotyping was drawn. Results: As hypothesized, regression analysis indicated that neuroticism moderated the relationship between the presence of ApoE e-4 and cognitive function. Individuals with high neuroticism scores had significantly lower scores on the cognitive portion of the Alzheimer's Disease Assessment Scale compared with individuals with low neuroticism scores, but this was true only among carriers of ApoE e-4 (interaction effect b = 0.124, p = 0.028). There was scant evidence that other personality dimensions moderate the association between ApoE e-4 and cognitive function. Conclusions: Cognitive function may be affected by ApoE and neuroticism acting in tandem. Research on the underlying physiological mechanisms by which neuroticism amplifies the effect of ApoE e-4 is warranted. The study of genotype by phenotype interactions provides an important and useful direction for the study of cognitive function among older adults and for the development of novel prevention programs.
Chronological age is often taken as a risk factor for cognitive decline associated with neurobiological aging. Yet, age does not represent a causal mechanism itselfrather, it is a crude proxy for the accumulations of pathogenic processes occurring with age (MacDonald et al., 2011) . The search for mechanisms that drive age-related diseases would therefore benefit from more refined analyses based on elements such as genetic predispositions, environmental influences, and psychosocial factors. Although there is a virtual scientific consensus that complex human phenomena involve interactive genetic and psychosocial processes (Institute of Medicine, 2006) , research has traditionally focused on only one of these, seldom applying the interactive level of analysis (Dar-Nimrod and Heine, 2011) . The present study is part of an increasing focus on the interactive approach to the study of cognitive function (e.g. Lee et al., 2011; Sachs-Ericsson et al., 2010) .
Genes have been implicated in aging-related cognitive decline. Specifically, a number of studies identified an association between presence/absence of the apolipoprotein (ApoE) e-4 allele on chromosome 19 and cognitive function in healthy adults (Reed et al., 1994; Woodard et al., 2010) , with a meta-analysis (Small et al., 2004) indicating that the presence of the allele is associated with cognitive decline. The physiological mechanisms by which the presence of ApoE e-4, an allele associated with elevated risk for cardiovascular diseases (Song et al., 2004 ) and Alzheimer's disease (Harwood et al., 2010) , may affect cognitive function remain unknown. The apparently modest effect size indicated by the meta-analysis (Small et al., 2004) highlights the variability in the magnitude of the association between ApoE e-4 and cognitive decline and generates interest in potential moderators that affect the magnitude of this association. The physiological mechanisms, in which causal genetic indicators of complex phenotypes (such as cognitive function) affect phenotypes, are usually unknown (McCarthy and Hirschhorn, 2008) . To address this weakness, one must take into account that much of the expression of specific genes is dependent on environmental conditions (Johnson et al., 2009) . More specifically, the cognitive-related, phenotypic expression of ApoE e-4 has been shown to be affected by environmental stimuli in transgenic mouse models (Levi and Michaelson, 2007) , and psychosocial elements have been shown to moderate the association between the presence of the allele and cognitive function among older adults (Lee et al., 2011) . This study explores the moderating role of personality phenotypes.
Individuals' personality affects much of their psychosocial environment (McAdams and Pals, 2006) . Personality characteristics have also been linked to cognitive performance and function (Robinson and Tamir, 2005; Williams et al., 2010) . In research on personality and health, the five-factor taxonomy of personality has been utilized extensively (Smith and Williams, 1992; Chapman et al., 2009) . The five-factor taxonomy of personality enumerates primary domains of personality, the Big Five (neuroticism, extraversion, openness to experience, agreeableness, and conscientiousness), which emerge in a variety of populations, languages, and cohorts (McCrae and Costa, 2008) . These personality dimensions are considered to be phenotypes shaped by a combination of environmental and genetic input (Institute of Medicine, 2006) .
Increased neuroticism, the propensity to experience anxiety, distress, and negative affect, is predictive of cognitive decline associated with age (Chapman et al., 2011a; Crowe et al., 2006; Wilson et al., 2005) . To the extent that neuroticism is a phenotypic marker of an underlying process that drives age-related cognitive decline, older individuals with elevated neuroticism who are also carriers of ApoE e-4 would be expected to be characterized by a distinct pattern of cognitive aging, characterized by more precipitous decline. From a physiological perspective, an allostatic load framework supports the prediction that neuroticism moderates the association between ApoE e-4 and cognitive function. It is well-established that increased hypothalamic-pituitary-adrenal (HPA) axis activity is associated with cognitive function (Lupien et al., 1998) . Previous findings indicate increased HPA axis activity among individuals with ApoE e-4 (Peskind et al., 2001 ) and among individuals high on neuroticism (Mangold and Wand, 2006) . Double dysregulation of the HPA axis resulting from a combination of the presence of ApoE e-4 and increased neuroticism may exacerbate cognitive decline. Empirical findings are also consistent with the moderation prediction. Caselli et al. (2004) showed that trait anxiety, a facet subsumed by neuroticism, moderated associations between the presence of ApoE e-4 homozygous genotype and a specific cognitive function (problem solving) among healthy adults. Several additional studies found that depression moderated the association between the presence of ApoE e-4 and cognitive function among older adults. These studies identified interactions between depression and the presence of ApoE e-4 affecting cognitive decline (Niti et al., 2009 ) and increased incidence of mild cognitive impairment (Geda et al., 2006) . As neuroticism is considered a strong predictor of depression (Duberstein et al., 2008) , these findings may have portrayed a narrow picture focusing on particular symptoms and overlooking the broader phenomenon encompassed by neuroticism.
To provide a direct test of the hypothesized moderating influence of neuroticism, we conducted a primary analysis of data collected in the Ginkgo Evaluation of Memory (GEM) study (Dekosky et al., 2008) . In addition, as empirical research indicated associations between cognitive function and other personality dimensions such as openness to experience (Chapman et al., 2011a; Wilson et al., 2005) , extraversion (Chapman et al., 2011a; Crowe et al., 2006) , and conscientiousness (Chapman et al., 2011a; Wilson et al., 2007) , we included the interactions between ApoE genotype and these personality dimensions in the analysis for exploratory purposes. We also included an interaction term for ApoE e-4 by agreeableness, which represents the last main facet of personality for which no previous research indicates association with age-related cognitive function.
Method

Sample
The sample consisted of older individuals enrolled in the GEM study. Details of the sample (Dekosky et al., 2008; Duberstein et al., 2011) and recruitment (Dekosky et al., 2006) have been previously published. The study was conducted under an investigational new drug application with the Food and Drug Administration under the auspices of the National Center for Complementary and Alternative Medicine (NCCAM) and the National Institute on Aging. Eligible subjects were recruited at four sites between 2000 and 2002. Key enrollment criteria in GEM included age 72 years or older (down from the initial 75 years cut-off to stimulate minority recruitment), English as usual language, and absence of significant morbidity. Among the exclusion criteria included anti-Parkinson medications, tricyclic antidepressants, antipsychotics, or other medications with significant psychotropic or central cholinergic effects.
Among the subjects enrolled at the University of California, Davis site, a sub-study was conducted examining the relationship between cognitive function and personality dimensions (Chapman et al., 2011a) . At this site, 2234 potential subjects participated in an initial screening telephone interview: 551 (24.7%) were ineligible, 761 (34.1%) refused to participate, and 922 (41.3%) attended the baseline study visit. Of these, 916 (99.3%) were randomized. Subjects at the University of California, Davis site had characteristics similar to those at the other sites. Because this substudy was initiated after the start of the main GEM study, only 771 (84.2%) of the 916 enrolled subjects completed the personality inventory and are included in the current analyses. Finally, ApoE genotyping was obtained on 80% of subjects, and 597 (77.1%) of those completed the personality inventory and the cognitive function measure. This sample ranged in age from 72 to 91 years old. Subjects did not significantly differ on demographic variables (age, minority race, and education) by whether or not they completed the personality inventory or by whether or not ApoE genotyping was completed. However, differences in body mass index (BMI) and waist circumference between participants with at least one ApoE e-4 allele [M = 26.38, standard deviation (SD) = 4.28; M = 94.98 cm, SD = 13.75, respectively, for BMI and waist circumference] and those without the allele (M = 27.36, SD = 4.29; M = 98.68, SD = 12.48) emerged (F(1, 596) = 5.49, p = 0.02; F(1, 589) = 8.69, p = 0.003). Note that the intervention had no effect on outcomes (Dekosky et al., 2008; Snitz et al., 2009 ).
Measures
Predictors. The NEO five-factor inventory (NEO-FFI) is a 60-item self-report questionnaire (Costa and McCrae, 1992) measuring neuroticism (e.g. I often feel tense and jittery), openness to experience (e.g. I often enjoy playing with theories and abstract ideas), extraversion (e.g. I really enjoy talking with people), agreeableness (e.g. I generally try to be thoughtful and considerate), and conscientiousness (e.g. I work hard to accomplish my goals). Each domain is measured by 12 items. Response options comprise a 5-point Likert scale ranging from strongly disagree to strongly agree. Item scores ranged from 0 to 4 and were summed to yield a total score for each trait that ranged from 0 to 48, with higher scores indicating more of the trait. The NEO-FFI's use in research in gerontology and geriatric psychiatry attests to its reliability and applicability to older samples (Archer et al., 2006; Duberstein et al., 2011) . Internal consistency for the five subscales in this study was adequate (Cronbach's a's 0.75-0.82).
To establish participants' ApoE genotype, we extracted DNA using a Puregene Kit (QUIAGEN; Valencia, CA). ApoE genotyping was performed using the TaqMan genotyping assays (Applied Biosystems; Foster City, CA) in a method described in detail elsewhere (Kuller et al., 1998) . ApoE genotype was dichotomized to indicate the presence of the e-4 allele.
The crux of this article is testing personality moderation of the ApoE-cognitive function relationship. Five interaction terms were calculated as products of individuals' ApoE e-4 status and scores on each of the NEO-FFI subscales. Each of these products represented a specific Gene Â Personality interaction term.
Covariates. Covariates were selected to maximize compatibility with prior similar studies (Chapman et al., 2011a; Duberstein et al., 2011) and included age, gender, race (minority versus white), education (years of schooling), self-rated health (excellent, very good, good, fair, poor) and self-reported myocardial infarction, congestive heart failure, diabetes, angina, osteoporosis, stroke, transient ischemic attack, and cancer in the last 5 years. Scores on the 10-item version (Irwin et al., 1999) of the Center for Epidemiological Studies Depression scale (Radloff, 1977) , relevant (e.g. Gustafson et al., 2010) Rosen et al., 1984) , a well-validated measure of cognitive function (Wouters et al., 2010) . The ADAS-Cog was composed of evaluation items and tasks assessing spatial and temporal orientation, memory (short, long, and working), praxis (construal and ideational), language (following commands, naming, speaking, finding words, and comprehending), and general orientation. Higher scores reflect poorer cognitive function (increased number of errors).
Analyses
Hierarchical regression analysis was performed predicting cognitive function as measured by the ADASCog. At the first step, all the covariates were entered simultaneously (Model 1). In the next step, the presence of ApoE e-4 genotype was added to the model (Model 2). In the third step, personality domain scores and their 2-way interactions with ApoE genotype status were entered simultaneously to explore their overall contribution to the prediction of variance in ADAS-Cog as well as their individual associations with this criterion. As the inclusion of openness to experience, extraversion, conscientiousness, agreeableness, and their interactions with the presence of ApoE e-4 was exploratory rather than theoretically derived, we repeated the analysis eliminating these variables from the third step. Data were analyzed using SPSS (Version 18, IBM, Sommers, NY).
Results
Table 1 presents complete data for the participants. Overall, ADAS-Cog scores ranged from 1 to 23. Mean (SD) scores on the measure were M = 6.62 (2.86). NEO-FFI neuroticism scores ranged from 0 to 37, M = 14.9 (6.3).
Hierarchical regression analysis was performed to identify potential moderation roles for personality on the relationship between the presence of ApoE e-4 and cognitive function. At the first step, all the covariates were entered as predictors of ADAS-Cog. They explained 14.1% of the variance in ADAS-Cog (R 2 = 0.155, F(19, 470) = 4.53, p < 0.001). In the second step, ApoE genotype status was added, improving the explained variance by 1.9% (R 2 = 0.174, F(1, 469) = 10.96, p = 0.001). In the third step, all the personality scores and their interaction terms with the presence of ApoE e-4 were simultaneously added. These additional variables contributed 3.4% to the explained variation in ADAS-Cog scores (R 2 = 0.208, F(10, 459) = 1.97, p = 0.035). Table 2 presents the results of this last model. The analysis revealed neuroticism interaction with the presence of ApoE e-4 [B = 0.140, standard error (SE) = 0.063, p = 0.028] indicating that, controlling for the covariates, a carrier of at least one ApoE e-4 allele who is 1 SD above the mean in neuroticism would have, on average, an ADAS-Cog score that is roughly 1.70 points (about 60% of an SD difference) higher than an ApoE e-4 carrier that is 1 SD below the mean in neuroticism (Figure 1 ). In the absence of this allele, a person who is 1 SD above the mean in neuroticism would have, on average, an ADAS-Cog score that is trivially lower (0.06 points or about 2.5% SD difference) compared with a person who is 1 SD below the mean in neuroticism.
The regression analysis did not indicate any additional significant personality by ApoE genotype interactions (Table 2) . One interaction term, openness to experience by ApoE e-4, approached statistical significance (B = 0.087, SE = 0.047, p = 0.068). This suggestive finding indicated that a person who is 1 SD above the mean in openness would have, on average, an ADAS-Cog score that is roughly 0.76 points (about a quarter of an SD) higher than a person who is 1 SD below the mean in openness, when the ApoE e-4 is present. In the absence of this allele, a person who is 1 SD above the mean in openness would have, on average, an ADAS-Cog score that is roughly 0.44 points (about 15% of an SD) lower compared with a person who is 1 SD below the mean. ADAS-Cog, Alzheimer's Disease Assessment Scale-Cognitive; CES-D, Center for Epidemiologic Studies Depression Scale; CI, confidence interval; SE, standard error. Alcohol use = number of alcoholic drinks consumed in a week. Personality scores centered (mean = 0). Age centered on sample mean of 78. *ApoE (apolipoprotein E genotype) e-4: absent coded as (0), present coded as 1. To explore the effect of the hypothesized moderation effect excluding the exploratory variables, we conducted an additional hierarchical regression in which the first two steps were identical to the previous analysis, but in the third step, only neuroticism and its interaction with the presence of the e-4 allele were retained. The inclusion of these elements significantly increased the explained variance in cognitive function (R 2 = 0.19, ΔF(2, 468) = 4.32, p = 0.014). Similar to the inclusive analysis, the ApoE e-4 association with cognitive function was retained (B = 0.989, SE = 0.285, p = 0.001), but this effect was moderated by neuroticism (B = 0.130, SE = 0.052, p = 0.013). Neuroticism was not an independent predictor of ADAS-Cog in this model (B = 0.013, SE = 0.025, p > 0.50).
Discussion
We examined the hypothesis that neuroticism moderates the association between ApoE and cognitive function in a sample of 597 older adults. Our results provided support for this prediction. Higher levels of neuroticism were associated with poorer cognitive function only among individuals with at least one ApoE e-4 allele. Among people with other genotypes, no indication for an association between neuroticism and cognitive function was found. This study was also designed to explore whether there is an empirical indication for other personality by ApoE interaction effects on cognitive function, which was not a priori hypothesized. We found no conclusive evidence for additional interactions. However, our findings for openness to experience, albeit tentative, warrant replication.
As previous research found moderating effects of depression on the association between the presence of ApoE e-4 and cognitive function or neurodegenerative disorders among older adults (Irie et al., 2008; Geda et al., 2006; Niti et al., 2009) , this analyses controlled for depressive symptom severity. We showed that neuroticism interacts with the presence of the allele to exacerbate cognitive decline above and beyond its association with depression.
It makes sense theoretically that neuroticism moderates the relationship between the presence of ApoE e-4 allele and cognitive function. A logical next step is to begin to search for the physiological mechanisms involved in amplifying the pathogenic effects associated with the presence of the ApoE e-4 allele. Developmental neuroendocrinology may provide a clue. Increased neuroticism is characterized by an elevated propensity to experience negative affect, including anxiety and a more negative evaluation of intrapersonal, interpersonal, and external environments, increasing subjectively experienced distress. As the HPA axis is responsive to environmental input, it is not surprising that neuroticism is associated with increased HPA axis activity (Mangold et al., 2006) . Thus, elevated neuroticism may be viewed as a behavioral marker of HPA dysregulation and, over the course of a lifetime, allostatic load. The presence of ApoE e-4 is also associated with increased HPA axis activity (Peskind et al., 2001 ). This combined proclivity for elevated HPA activity represents a potential neuroendocrinologic process that may affect cognitive function by exacerbating hippocampal degeneration (Fuchs and Flügge, 1998) or other proximal mechanisms. Although glucocorticoids represent a promising future direction for research, inflammatory and metabolic processes associated both with neuroticism (Sutin et al., 2010a (Sutin et al., , 2010b and ApoE e-4 (Lynch et al. 2003 ) may be at play as well. Future research is needed to further explore the physiological systems involved in this effect.
Identification of psychosocial moderation of genetic correlates, such as the one tested in this study, offers potent and possibly cost-effective approaches for interventions. Although recent decades have seen exciting advances in our knowledge of genetics, hopes for treatments following the identification of genetic etiology for diseases have been dashed-and this is true even of diseases with overwhelming penetrance such as early onset Alzheimer's disease, Huntington disease, or Tay-Sachs disease (see, for example, Pearson, 2009 for a detailed case for cystic fibrosis). In the vastly more common cases in which genetic predispositions, age-related physiological processes and psychosocial elements act in concert to affect risk for adverse health outcomes, the translational issues are even more pronounced.
Despite almost 2 decades of research that indicates association between the presence of ApoE e-4, Alzheimer's disease, and cognitive function, the physiological mechanism remains unknown. As a result, the identification of the gene as a risk factor has yet to lead to viable interventions. Focusing on moderating variables such as neuroticism may offer a potentially alternative route for interventionists targeting individuals with elevated genetic risk for Alzheimer's disease, even in the absence of a precise understanding of the physiological mechanism. If the current findings are replicated, it may be useful to consider ways in which neuroticism levels could be reduced. Neuroticism is stable over intermediate spans of time in the absence of intervention but somewhat mutable when subjected to intervention (Chapman, et al., 2011b; Krasner et al., 2009) . Previous research indicated that neuroticism can be successfully reduced using behavioral interventions (Brosschot et al., 2006) , meditation (Gaylord et al., 1989) , and pharmacological treatment (Costa et al., 2005; Tang et al., 2009) .
Several limitations and strengths of this study deserve mention. The non-experimental nature of the study poses a methodological limitation on causal inferences. Then again, it is not possible to randomize genotypes or personality dimensions. In addition, the data used in the study are cross-sectional providing a "snap shot" of cognitive function at a particular point. A longitudinal design and analyses would provide stronger evidence for causal processes. However, cross-sectional designs offer valuable information often providing beneficial methodological aspects (reducing response biases for example: Rindfleisch et al., 2008) . Along with these limitations, the study possesses strengths. To our knowledge, this is the first report to explore genetic by personality interactions among older adults. Anchored in the interactionist perspective, this study underscores the importance of a biopsychosocial interactionist approach to understand aging-related diseases. The findings may also offer initial empirical evidence that identify a specific population (i.e. ApoE e-4 carriers with elevated neuroticism) for which existing interventions have the potential to ameliorate aging-related cognitive changes.
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